Introduction
============

Breast cancers that are basal-like tumors constitute 75% of triple-negative breast cancer (TNBC) classification, with unique clinical (eg, premenopausal age onset, high parity, prevalence in African-American and Hispanic women, visceral and brain metastases) and histological features (eg, grade 3, high proliferative rate, apoptotic cells, central necrosis, lymphocytic response, and glomeruloid microvascular proliferation).[@b1-bctt-6-191] Unfortunately, this classification of TNBC includes \~25% of breast cancer tumors that are not basal-like. Thus, patients incorrectly labeled as having estrogen receptor (ER) and progesterone receptor negative invasive disease are at risk of an incomplete diagnosis for an effective and possible life-saving therapy. Clinically, the therapy for TNBC is to use standard chemotherapeutics, but these treatments are associated with a high rate of relapse at local and systemic regions. This "good chemosensitivity--bad prognosis", often referred to as the triple-negative paradox, is the clinical feature of this type of breast cancer.[@b1-bctt-6-191] To date, there are no targeted therapies that are effective for TNBC. The current state of the art for TNBC is eloquently reviewed by Rastelli et al.[@b1-bctt-6-191]

In the clinical setting, targeted therapies based on single agents like specific antibodies or small molecule inhibitors against receptor tyrosine kinase have failed because they do not meet the primary endpoint of improvement for overall survival of the patients.[@b2-bctt-6-191] For TNBCs, there are no current data that can predict a significant correlation between the receptor tyrosine kinase status and the response rates to tyrosine kinase inhibitors. For example, targeted therapies include: 1) zaltrap (aflibercept) as an angiogenesis inhibitor for prostate cancer; 2) torisel (temsirolimus or CCI-779) as a rapamycin (mTOR) inhibitor for first-line renal cell carcinoma in combination with avastin (bevacizumab) and a second-line renal cell carcinoma following therapy with sutent (sunitinib); and 3) avastin (bevacizumab) as an angiogenesis inhibitor in addition to chemotherapy following surgery for triple-negative adjuvant breast cancer.

Here, we describe an alternate therapeutic approach for breast cancers classified as TNBC, which is based on our newly discovered signaling platform that regulates epidermal growth factor (EGF) receptors (EGFRs).[@b3-bctt-6-191] EGF binding to its receptor induces a G-protein coupled receptor signaling process to activate matrix metalloproteinase-9 (MMP-9) and Neu1 sialidase. The report discloses a novel complex of neuromedin B G-protein coupled receptor, MMP-9, and Neu1 tethered to EGFR at the ectodomain of the receptor on the cell surface. Activated Neu1 specifically hydrolyzes α-2,3-sialyl residues of the receptors, which facilitates the removal of steric hindrance between receptors, allowing subsequent kinase activation and cellular signaling. We have previously reported that an identical signaling paradigm is used by nerve growth factor TrkA receptors,[@b4-bctt-6-191] insulin receptors,[@b5-bctt-6-191] cell surface TOLL-like receptor-4,[@b6-bctt-6-191]--[@b10-bctt-6-191] and intracellular TOLL-like receptor-7 and -9;[@b11-bctt-6-191] all of these receptors are known to play major roles in tumorigenesis. In addition, we have found that oseltamivir phosphate (OP) targeted and inhibited the induction of Neu1 activity associated with these receptor activations.[@b4-bctt-6-191],[@b10-bctt-6-191],[@b11-bctt-6-191] Furthermore, we have reported a new therapeutic approach using OP as an anticancer agent.[@b3-bctt-6-191] Since Neu1 is involved as one of the key central players for EGFR signaling, preclinical molecular-targeting studies provide the proof-of-evidence for an effective OP therapy in the treatment of human pancreatic cancer growth and metastatic spread in heterotopic xenograft of tumors growing in RAGxCγ double mutant mice.[@b3-bctt-6-191] In addition, OP overcame the chemoresistance of pancreatic PANC1 cancer cells to cisplatin and gemcitabine alone or in combination in a dose-dependent manner, and disabled the cancer cell survival mechanism(s) against the chemotherapeutic drugs.[@b12-bctt-6-191] Interestingly, the data in the report also provided additional confirmation for OP therapy in reversing epithelial--mesenchymal transition (EMT) associated with resistance to standard, clinical chemotherapeutics. Recently, we reported that silencing transcriptional factor snail in ovarian carcinoma cells ablated the abnormal robust and bloody tumor vascularization in RAGxCγ double mutant mice with a concomitant abolishment of tumor growth and metastatic spread to the lungs.[@b13-bctt-6-191] Collectively, the data suggest another molecular level of a novel organizational signaling platform connecting the snail--MMP-9 signaling axis in amplifying the Neu1 sialidase and MMP-9 cross-talk in regulating EGFRs, tumor neovascularization, growth, and invasiveness.

The present report describes an alternate therapeutic approach for the treatment of TNBC. OP monotherapy ablates in a dose-dependent manner tumor neovascularization, growth, and metastasis in mouse model of human triple-negative breast adenocarcinoma.

Materials and methods
=====================

Cell lines
----------

MCF-7 (ATCC^®^ HTB-22™) and MDA-MB-231 (ATCC^®^ HTB-26™) are adherent epithelial adenocarcinomas obtained from the mammary gland, breast, which are derived from the metastatic pleural effusion site. MDA-MB-231 is a triple-negative, basal B subtype, mesenchymal stem-like, invasive ductal carcinoma with *BRAF, CDKN2A, KRAS, NF2, TP53, and PDGFRA* mutations.[@b14-bctt-6-191] MCF-7 is a non-triple negative human breast adenocarcinoma cell line. The cells were grown in culture media containing 1× Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Rockville, MD, USA), conditioned medium, supplemented with 10% fetal calf serum (FCS; HyClone, Logan, UT, USA), and 5 μg/mL plasmocin™ (InvivoGen, San Diego, CA, USA) in a 5% CO~2~ incubator at 37°C. At \~80% confluence, the cells were passaged at least five times before use in the experiments.

MCF-7 and MDA-MB-231 cell lines resistant against 5 μM and 10 μM tamoxifen were established in culture to gradual increases in concentrations of the indicated drugs in 1× DMEM conditioned medium. After removing dead cells, the viable cells were maintained in culture at the indicated chemodrug concentration. At \~80% confluence, cells were passaged in the same concentration of the chemotherapeutic agent for over 1 year. Stable MCF-7 and MDA-MB-231 resistant clones against 5 μM and 10 μM tamoxifen were used for the in vitro experiments.

Reagents
--------

EGF (Sigma-Aldrich, St Louis, MO, USA), the natural ligand of the EGFR, was reconstituted in sterile 1× phosphate-buffered saline (PBS) at a stock concentration of 1 mg/mL and stored at −20°C. EGF concentrations to stimulate cells were 30--100 ng/mL. Incubation times varied between experiments and thus are indicated.

*cis*-Diamineplatinum(II) dichloride (P4394; Sigma-Aldrich) was reconstituted in dimethyl sulfoxide (DMSO) to make a 27.7 mM stock solution. Gemcitabine hydrochloride (G6423; Sigma-Aldrich) was reconstituted in 1× PBS to make a 133.5 mM stock solution. 5-Fluorouracil (5-FU) (F6627; Sigma-Aldrich) was reconstituted in a mixture of 1 mL DMSO and 9 mL 1× PBS to make 2.31 mM 5-FU stock. Paclitaxel from *Taxus brevifolia*, (T7402, Sigma-Aldrich), was reconstituted in DMSO to make 1.17 mM stock. These stocks were further diluted in 1× DMEM conditioned medium to make various dosages of the chemotherapeutic agents to be used in in vitro experiments.

Inhibitors
----------

OP 75 mg capsules were reconstituted in sterile 1× PBS and centrifuged at 1,000 rpm for 10 minutes to obtain OP in the supernatant as previously reported.[@b12-bctt-6-191] The stock-extracted OP solution had a concentration of 15 mg/mL. OP (\~98% purity) was obtained from Hangzhou DayangChem Co, Ltd (Hangzhou City, People's Republic of China). Cell culture in 1× DMEM conditioned medium containing different concentrations of OP (200--800 μg/mL) were used for the in vitro and in vivo experiments. MMP-9 inhibitor (CAS1177749-58-4) was obtained from Calbiochem-EMD Chemicals Inc. (half maximal inhibitory concentration =5 nM).

Primary antibodies
------------------

Neutralizing antibodies were used to inhibit sialidase function: rabbit anti-human Neu1 immunoglobulin G (IgG) antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Rabbit monoclonal anti-human E-cadherin antibody (Cell Signaling Technology, Inc., Danvers, MA, USA) was used at 1:400 dilution for immunohistochemistry according to the manufacturer's instructions. Rabbit monoclonal anti-human N-cadherin (Cell Signaling Technology, Inc.) was used at 1:200 dilution according to the manufacturer's instructions.

DyLight™ 488 donkey anti-rabbit IgG secondary antibody (Santa Cruz Biotechnology, Inc.) was used at 40 μg/mL to detect primary antibodies against human E- and N-cadherins in archived paraffin-embedded xenogafts of human MDA-MB-231 tumors. DyLight™ 488 rat monoclonal anti-mouse CD31/PECAM-1 antibody (Novus Biologicals Canada ULC, Oakville, ON, Canada) was used at a 1:300 dilution according to the manufacturer's instructions to detect mouse CD31+/PECAM-1 endothelial cells in the archived paraffin-embedded xenogafts of MDA-MB-231 tumors.

Sialidase assay in live cells
-----------------------------

Cells were grown on 12 mm circular glass slides in 1× DMEM conditioned medium in sterile 24-well tissue plates for 24 hours or until they reached \~70% confluence as previously optimized in the live cell sialidase assay.[@b8-bctt-6-191],[@b10-bctt-6-191] After removing medium, 2′-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid (4-MUNANA; Biosynth Intl.) substrate at 0.318 mM in Tris-buffered saline, pH 7.4, was added to each well alone (control), with EGF (30 ng/mL), or in combinations of EGF and inhibitors or neutralizing antibodies at the indicated concentrations. 4-MUNANA substrate is hydrolyzed by sialidase activity to give free 4-methylumbelliferone at fluorescence emission of 450 nm, followed with an excitation at 365 nm. Fluorescent images were taken after 1--2 minutes using Zeiss M2 Imager epifluorescent microscopy (EC PLnN 20×/0.5 DICII objective, 200× total magnification). The mean fluorescence surrounding the cells was quantified using the Image J program.

Mouse model of human TNBC
-------------------------

A mouse model of human TNBC that has a double mutation in the combining recombinase activating gene (RAG1) and common cytokine receptor γ chain (Cγ) (RAG1xCy) was used as previously described for human pancreatic cancer.[@b3-bctt-6-191] The RAG1xCγ double mutant mice on a non-obese diabetic (NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ; The Jackson Laboratory) genetic background are completely deficient in T-, B-, and natural killer-cells; show no spontaneous tumor formation; and exhibit normal hematopoietic parameters.[@b15-bctt-6-191] A breeding colony of mice were generated by intercrossing and were maintained in specific pathogen-free isolators in the Animal Care Facility, Queen's University, Kingston, ON, Canada. All mice were kept under sterile conditions in microisolators equipped with autoclaved food and water. Experimental protocols using mice in these studies received approval from the Animal Care Committee, Queen's University. Mice between 6 and 8 weeks of age were used.

Cancer cell implantation in RAGxCγ double mutant xenograft mice
---------------------------------------------------------------

MDA-MB-231 cells grown in 75 cm^2^ cell culture flasks at 80% confluence were resuspended into solution using TrypLE Express (Gibco) and washed in sterile saline. The cells in suspension were centrifuged for 3 minutes at 900 rpm, and the cell pellet suspended in sterile saline at a concentration of 5--10×10^6^ cells/mL for 0.5×10^6^ cell implantation cutaneously into the right back flank of the mouse. There were four mice in each cohort of untreated, 30 mg/kg OP, and 50 mg/kg OP. Treatment with 30 mg/kg and 50 mg/kg of soluble OP in sterile saline were injected daily intraperitoneally starting at day 10 postimplantation, when the tumor volumes reached 10--20 mm^3^. For the 50 mg/kg OP cohort, the daily treatment regimen continued to day 111, then once a week until day 124, when the mice were taken off the drug treatment. The treatment regimen with OP was based on previously reported results on pancreatic[@b3-bctt-6-191] and ovarian[@b13-bctt-6-191] cancer cells. Tumor volumes were measured twice a week and determined as $$(\text{width~squared}/2) \times \text{length}$$

At the endpoints at day 180 or earlier due to skin lesions, mice were weighed and euthanized by cervical dislocation, and live necropsy tumor, liver, lung, pancreas, heart, and spleen were weighed. Archived paraffin-embedded tumor, liver, and lung necropsy tissues were used for hematoxylin and eosin staining and immunostaining for CD31+/PECAM-1 cells in tumor tissues, followed by microscopic analysis using a Zeiss Imager M2 fluorescence microscope.

Immunohistochemistry
--------------------

The presence of the characteristic human epithelial marker, E-cadherin, and human mesenchymal marker, N-cadherin, in human MDA-MB-231 tumors was detected using immunohistochemistry and specific antibodies. Processed tumors were embedded in paraffin blocks following necropsy in each experiment. Microtome sections of tumor at 5 μm thickness were deparaffinized, heated for 8 minutes in citrate buffer, and rinsed three times in 1× PBS, followed by blocking with 1% bovine serum albumin (Thermo Fisher Scientific) in 1× PBS overnight at 4°C. Deparaffinized and processed tumor sections (5 μm) were immunostained with primary antibody for either 2 μg/mL rabbit anti-E- or anti-N-cadherin followed by Alexa Fluor^®^ 488 secondary donkey anti-rabbit IgG antibody. The stained cells were covered with Entellan^®^ rapid mounting medium, and images were observed using a Zeiss Imager M2 fluorescence microscope at 200× magnification. Additional 5 μm microtome sections of tumors were analyzed for mouse endothelial marker CD31/PECAM-1 using a 1:300 dilution of a 1 mg/mL stock of rat monoclonal antibody conjugated with DyLight-488 fluorochrome against mouse CD31/PECAM-1 (Novus Biologicals Canada ULC) and a Zeiss Imager M2 fluorescence microscope.

WST-1 assay
-----------

The WST-1 assay is a standard measure of cell viability based on the reduction of a tetrazolium compound to a soluble derivative.[@b16-bctt-6-191] The absorbance of the reaction at 420 nm is proportional to the number of living cells in culture. Cells at 80%--90% confluence were added to 96-well microtiter plates at a density of 5,000 cells/well for 24 hours. They were treated with different concentrations of OP, chemodrugs, or left untreated as controls for 24, 48, and 72 hours. Absorbance readings were taken at 0, 24, 48, and 72 hours by adding 10% WST-1 reagent (Roche Diagnostics, Laval-des-Rapides, QC, Canada) in 1× PBS to each well, followed by an incubation at 37°C for 2 hours before taking readings at the indicated time points. Cell viability as a percentage of control was illustrated as a bar graph using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). The following formula was used to determine cell viability as a percent of control for each time point after drug treatments: $$\frac{\text{([absorbance~of~cells~in~drug~concentration]} - \lbrack\text{media~absorbance}\rbrack\text{)}}{(\lbrack\text{absorbancea~of~cells~only}\rbrack - \lbrack\text{media~absorbance}\rbrack)} \times 100$$

The "no treatment" WST-1 assay values were calculated for 24, 48, and 72 hours without drug treatment: $$\frac{(\lbrack\text{absorbance~of~cells~at~24~hours}\rbrack - \lbrack\text{media~absorbance}\rbrack)}{(\lbrack\text{absorbance~of~cells~only~at~}0\text{~hours}\rbrack - \lbrack\text{media~absorbance}\rbrack)} \times 100$$

The 0 hours refers to the sum of plated cells and the WST-1 assay reagent and readings taken after 2 hours.

Statistical analysis
--------------------

Statistical analysis of data used GraphPad Prism software. Comparison of results were made by one-way ANOVA at 95% confidence using Bonferroni's multiple comparison test or the unpaired *t*-test.

Results
=======

Neu1 sialidase activity is associated with EGF stimulation of TNBC MDA-MB-231 cells
-----------------------------------------------------------------------------------

Since the coexpression of EGFR and MMP-9 has prognostic value in cancer,[@b17-bctt-6-191],[@b18-bctt-6-191] and Neu1 and MMP-9 cross-talk regulates EGFRs in pancreatic[@b3-bctt-6-191] and ovarian[@b13-bctt-6-191] cancer cells, we investigated the molecular targeting potential of the Neu1--MMP-9 cross-talk platform in a TNBC MDA-MB-231 cell line in vitro. We initially performed the sialidase assay on EGF-stimulated live cells as previously described by our group.[@b8-bctt-6-191],[@b10-bctt-6-191],[@b19-bctt-6-191] It is well known and characterized that MDA-MB-231 and MCF-7 breast cancer cells express the EGFRs.[@b20-bctt-6-191],[@b21-bctt-6-191] As shown in [Figure 1A](#f1-bctt-6-191){ref-type="fig"}, EGF stimulation of live MDA-MB-231 cells induced sialidase activity as revealed in the periphery surrounding the cells using the fluorogenic sialidase-specific substrate, 4-MUNANA, which fluoresces at 450 nm due to the emission of 4-methylumbelliferone. The mean fluorescence of 50 multipoint replicates was quantified using the Image J software and is depicted in the bar graph. We also used specific neutralizing antibodies against the human Neu1 as well as the neuraminidase inhibitor OP and a specific inhibitor of MMP-9, all of which blocked the sialidase activity associated with EGF-treated live MDA-MB-231 cells comparable to the levels of no EGF-treated controls. The anti-Neu1 antibody used is specific for the epitope corresponding to amino acids 116--415 mapping at the C-terminus of Neu1 of human origin. It also detects Neu1 of mouse, rat, and human origin. The data depicted in [Figure 1A](#f1-bctt-6-191){ref-type="fig"} are consistent with our previous reports for EGFRs in pancreatic[@b3-bctt-6-191] and ovarian[@b13-bctt-6-191] cancer cells.

In addition, we generated long-term (1 year) resistant clones of MDA-MB-231 and MCF-7 against 5 μM and 10 μM tamoxifen. With TNBC survival mechanisms against chemotherapeutics, the effects may be in large part manifested by the compensatory action of other downstream signaling molecules as described for the AXL and EGFR inhibitors.[@b22-bctt-6-191] Martin et al have described in detail the current state of multidrug resistance in breast cancer, including the molecular mechanisms that contribute to tamoxifen resistance.[@b23-bctt-6-191] Here, we hypothesized that tamoxifen-resistant MDA-MB-231 and MCF-7 clones at 5 μM and 10 μM may have a compensatory action(s) on other signaling pathways. In the presence of OP, the cancer cell survival mechanism(s) against the chemotherapeutic agents may be disabled and become more sensitive to the chemodrugs, as we have previously reported.[@b12-bctt-6-191] As shown in [Figure 1B and C](#f1-bctt-6-191){ref-type="fig"}, EGF stimulation of live tamoxifen-resistant MDA-MB-231 and MCF-7 cells induced sialidase activity. OP monotherapy dose-dependently blocked the sialidase activity associated with EGF-treated live cells comparable to the levels of no EGF-treated controls. It is noteworthy that the 10 μM tamoxifen-resistant MDA-MB-231 cells required a higher dosage of OP to block sialidase activity associated with EGF-stimulated cells compared to the 5 μM tamoxifen and to the parental cells. To explain these latter data, it is proposed that long-term resistance against tamoxifen may have upregulated in a stoichiometric manner several other signaling pathways to compensate for the level of tamoxifen in the growth medium.

Viability of MCF-7 and MDA-MB-231 and their tamoxifen-resistant clones when treated with OP at different doses using the WST-1 assay
------------------------------------------------------------------------------------------------------------------------------------

To test the in vitro effects of OP treatment on the cell viability of MCF-7 and MDA-MB-231 and their corresponding tamoxifen-resistant clones, we performed the WST-1 cell proliferation assay[@b16-bctt-6-191] using various concentrations of tamoxifen or OP for 24, 48, and 72 hours as optimally predetermined. Cell viability as a percentage of control ± standard error of the mean of triplicate values was determined based on the reduction of a tetrazolium compound to the soluble form. The data shown in [Figure 2A and B](#f2-bctt-6-191){ref-type="fig"} indicate that the treatment of MCF-7 and MDA-MB-231 cells with tamoxifen dose-dependently decreased the cell viability (as a percentage of untreated control), with a lethal dose to kill 50% of viable cells of 9 μM for MCF-7 ([Figure 2A](#f2-bctt-6-191){ref-type="fig"}) and 15 μM for MDA-MB-231 ([Figure 2C](#f2-bctt-6-191){ref-type="fig"}) after 72 hours of incubation. We also tested the in vitro effects of OP treatment on cell viability using the tamoxifen-resistant MCF-7 and MDA-MB-231 cell clones. The data shown in [Figure 2B and D](#f2-bctt-6-191){ref-type="fig"} indicate that OP treatment reproducibly and dose-dependently, markedly decreased the cell viability (as a percentage of untreated control) for the tamoxifen-resistant clones when compared to the parental MCF-7 and MDA-MB-231 cell lines.

The viability of MDA-MB-231 cells following treatment with different dosages of OP in combination with 1 μM of either cisplatin, 5-FU, paclitaxel, gemcitabine, or tamoxifen was compared with that of the chemodrug alone. The data in [Figure 3](#f3-bctt-6-191){ref-type="fig"} show that for the combination of cisplatin, 5-FU, paclitaxel, gemcitabine with OP dosages ≥300 μg/mL significantly reduced cell viability at 24, 48, and 72 hours when compared to the cell viability after single chemodrug treatment. In contrast, the combination of tamoxifen with OP at 800 μg/mL significantly reduced cell viability at 24, 48, and 72 hours.

OP monotherapy dose-dependently ablates tumor vascularization, growth, and invasiveness in heterotopic xenografts of TNBC MDA-MB-231 cells in RAGxCγ double mutant mice
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

The preclinical in vivo antitumor activity of OP was investigated in the RAGxCγ double mutant mouse model of human TNBC MDA-MB-231 cells. The RAGxCγ double mutant mouse lacks mature T- and B-cells, functional natural killer-cells, and is deficient in cytokine signaling, leading to better engraftment of human cells than any other published mouse strain.[@b3-bctt-6-191] As previously demonstrated for pancreatic epithelial carcinoma cell line,[@b3-bctt-6-191] the hypothesis is that OP monotherapy prevents the in vivo growth and spread of tumors in the heterotopic xenograft mouse model of human TNBC. MDA-MB-231 cells at 0.5×10^6^ cells in 0.2 mL were implanted cutaneously in the right back flank of these mice. Twice a week, following implantation of the cancer cells, each mouse was monitored for tumor volume growth at the site of implantation, and body weight and condition were scored. All of the experimental mice showed no loss of body weight, and body condition scoring was normal until they developed skin lesions. Scoring the body condition of rodents is a noninvasive method for assessing health and establishing endpoints for adults where body weight is not a viable monitoring tool. For heterotopic implantation of MDA-MB-231 cells, mice developed skin lesions due to the abnormal tumor vascularization, which was the end point for body condition scoring. The data in [Figure 4A](#f4-bctt-6-191){ref-type="fig"} show live tumors with skin lesions for each mouse (labeled A1, A2, and A4 for untreated control, B1--4 for OP 30 mg/kg, and C1 and C3 for OP 50 mg/kg) and live necropsy tumors with an unexpected, abnormal, robust, and bloody tumor vasculature at day 42 or earlier postimplantation of MDA-MB-231 cells. Due to the abnormal tumor vasculature, we also immunostained paraffin-embedded tumors from each mouse for host endothelial cell marker CD31/PECAM-1. There was an extensive migration of host CD31+ cells to the tumors for the untreated cohort but markedly reduced levels for the 30 mg/kg OP-treated cohort ([Figure 4B](#f4-bctt-6-191){ref-type="fig"}). For the 50 mg/kg OP cohort, there were no tumors at day 180 postimplantation. As expected, the necropsy tumors from the 30 mg/kg OP-treated cohort revealed significantly high levels of tumor E-cadherin with concomitant significantly reduced N-cadherin levels ([Figure 4B](#f4-bctt-6-191){ref-type="fig"}).

Treatment with 30 mg/kg and 50 mg/kg of soluble OP in sterile saline with daily injections intraperitoneally at day 10 postimplantation when the tumor volume reached 10--20 mm^3^ attenuated the aggressive tumor vascularization with skin lesions ([Figure 4C](#f4-bctt-6-191){ref-type="fig"}) and the tumor growth ([Figure 4D](#f4-bctt-6-191){ref-type="fig"}). The treatment regimen with OP was based on previously reported results on pancreatic[@b3-bctt-6-191] and ovarian[@b13-bctt-6-191] cancer cells. It is proposed that OP treatment regimen for cancers with robust tumor vascularization requires higher doses for attenuating tumor growth.

For the 50 mg/kg OP cohort, daily injections of OP continued to day 111 postimplantation, followed by 1× weekly injections, and off OP treatment at day 124 until the end point of the experiment at day 180. The data revealed tumor shrinking with no relapse. Live tumor weight per mouse body weight indicated a significant reduction for the OP 30 mg/kg cohort at days 32--42 ([Figure 4E](#f4-bctt-6-191){ref-type="fig"}) compared to the untreated cohort. There were no visible tumors for the 50 mg/kg OP cohort at day 180. In addition, the survival rate of the 50 mg/kg OP-treated cohort was significant compared to the untreated control group ([Figure 5A](#f5-bctt-6-191){ref-type="fig"}). The daily dosage of OP injections had no effect on the weights of the pancreas, heart, and liver per mouse body weight, but there was a marked decrease in the weight of the spleen per mouse body weight for the 50 mg/kg OP treatment ([Figure 5B](#f5-bctt-6-191){ref-type="fig"}). These latter data are consistent with other reported results with patients with breast cancer where a reduction in spleen size was prognostic indicator.[@b24-bctt-6-191]--[@b27-bctt-6-191] It is noteworthy that women in the weight category of less than 60 kg at diagnosis compared with those having the highest category of 79 kg revealed a 2.5-fold increased risk of dying from breast cancer (hazard ratio, 2.54 \[95% confidence interval, 1.08--6.00\]; trend *P*=0.02).[@b28-bctt-6-191]

Live necropsy lungs ([Figure 6A](#f6-bctt-6-191){ref-type="fig"}) showed no visible tumor nodules. There were no tumor nodules nor metastatic clusters of MDA-MB-231 cancer cells in the liver for each of the cohorts (data not shown). The daily dosage of 30 mg/kg and 50 mg/kg OP treatment intraperitoneally, significantly attenuated the metastatic spread of MDA-MB-231 breast cancer cells to the lungs ([Figure 6B](#f6-bctt-6-191){ref-type="fig"}) compared to the extensive metastatic clusters of cancer cells in the lungs for the untreated cohort. OP treatment had no adverse effects on the lungs as indicated by lung weight per mouse body weight ([Figure 6C](#f6-bctt-6-191){ref-type="fig"}). This lack of metastatic spread of the MDA-MB-231 cancer cells to the lung following OP treatment is dose-dependent on the treatment regime. The lack of invasiveness due to OP treatment may be due in part to a disruptive tumor vasculature development (eg, reduced host CD31+ endothelial cell migration) or a decreased expression of N-cadherin with a concomitant increase in E-cadherin ([Figure 4](#f4-bctt-6-191){ref-type="fig"}).

Discussion
==========

Clinically, TNBC is insensitive to most of the effective therapies available for breast cancer treatments.[@b29-bctt-6-191],[@b30-bctt-6-191] For example, they include the HER2-targeted therapy such as Herceptin (trastuzumab) as well as tamoxifen or the aromatase inhibitors. These findings suggest that the growth of the cancer is not supported by the hormones estrogen and progesterone, nor by the presence of HER2 receptors. Combination chemotherapy using a metronomic dosage schedule is the standard therapy for early-stage TNBC.[@b29-bctt-6-191] A prospective analysis of 1,118 patients who received neoadjuvant chemotherapy, of whom 255 (23%) had TNBC, indicated that patients with TNBC had higher pathologic complete response rates compared with non-TNBC patients (22% versus 11%; *P*=0.034).[@b30-bctt-6-191]

In our studies, the data indicate that both MDA-MB-231 and non-TNBC MCF-7 cells developed resistance against 5 μM and 10 μM of tamoxifen for over 1 year. At least for the non-TNBC cells, it has been reported that cross-talk between ER, HER-2, p38, and ERK may contribute to tamoxifen resistance.[@b31-bctt-6-191] In another report, tamoxifen was shown to behave as an estrogen agonist in breast cancer cells that express high levels of AIB1 (amplified in breast cancer-1) and HER2, resulting in de novo resistance against tamoxifen.[@b32-bctt-6-191] In addition, the study had demonstrated that gefitinib, an inhibitor of EGFR tyrosine kinase, by binding to the adenosine triphosphate-binding site of the enzyme, eliminated tamoxifen's agonist effects and restored its antitumor activity both in vitro and in vivo in MCF-7/HER2-18 cells.[@b32-bctt-6-191] Unfortunately, in another study, 25%--30% of patients with EGFR-activating mutations acquired resistance to gefitinib.[@b33-bctt-6-191] The data in the report also showed that hepatocyte growth factor, a ligand of MET oncoprotein, facilitated the process of gefitinib resistance of lung adenocarcinoma cells, with EGFR-activating mutations, by restoring the phosphatidylinositol 3-kinase/Akt signaling pathway via phosphorylation of MET, but not with EGFR or ErbB3. Hepatocyte growth factor was also shown to induce resistance to the anti-EGFR antibody cetuximab in lung cancer cells, regardless of EGFR gene status.[@b34-bctt-6-191]

Insight into the mechanism of EGF-induced receptor activation came from our recent report on Neu1 sialidase and MMP-9 cross-talk in regulating the EGFR.[@b3-bctt-6-191] The findings in the report on EGFRs also propose an alternative therapeutic approach using OP as a new anticancer agent targeting Neu1 as the key central enzyme regulating this Neu1--MMP-9 cross-talk within the EGFR signaling platform.[@b3-bctt-6-191] Preclinical molecular targeting studies provide the proof-of-mechanism for OP as an effective treatment to inhibit growth and spread of human pancreatic cancer in heterotopic tumor xenografts growing in RAG2xCγ double mutant mice.[@b3-bctt-6-191] It is noteworthy that alternate agents without cross-resistance to platinum or taxanes has been shown to improve the prognosis of platinum-resistant patients.[@b35-bctt-6-191],[@b36-bctt-6-191] Despite improvements using carboplatin/paclitaxel-based chemotherapy, 30% of patients with ovarian cancer fail to respond to primary therapy, with a high percentage of the responders relapsing within 1--2 years from the end of primary treatment, and dying of the disease within 5 years from their initial diagnosis.[@b37-bctt-6-191] Gemcitabine, on the other hand, has been shown to be an active agent, single and/or in combination with carboplatin and paclitaxel, in the treatment of patients with recurrent ovarian cancer.[@b37-bctt-6-191] Unfortunately, other reports have observed complications to the chemotherapeutics, including hypersensitivity pneumonitis-like patterns in gemcitabine-induced cases[@b38-bctt-6-191] and hypersensitivity reactions to oxaliplatin.[@b39-bctt-6-191] Based on our present results, it is proposed that treatment regimens for triple-negative breast adenocarcinoma could follow a combination therapy of OP at a high dosage with low doses of either cisplatin, 5-FU, paclitaxel, gemcitabine, or tamoxifen. The data in [Figure 3](#f3-bctt-6-191){ref-type="fig"} show that for the combination with paclitaxel, OP dosage ≥300 μg/mL caused \~95% reduction in cell viability compared to combination with the other chemodrugs. Based on the fact that hypersensitivity reactions to standard clinical chemotherapeutics are noted complications in cancer patients,[@b38-bctt-6-191],[@b39-bctt-6-191] it is proposed from our studies that combination therapy of OP and standard clinical chemotherapeutics may have a beneficial effect. Indeed, we have reported that OP significantly inhibited endotoxin lipopolysaccharide-induced NFκB activation and the production of nitric oxide and proinflammatory IL-6 and TNFα cytokines in primary and macrophage cell lines.[@b10-bctt-6-191] In another report, we have shown that OP disables the chemoresistance of PANC1 pancreatic cancer cells against cisplatin and gemcitabine alone or in combination in a dose-dependent manner.[@b12-bctt-6-191] The report also showed that OP treatment of PANC1 cells reversed the EMT associated with resistance to drug therapy.

The findings in the current report also reveal an unusual robust and bloody tumor vascularization in heterotopic xenografts of MDA-MB-231 TNBC tumors in RAGxCγ double mutant mice ([Figure 4C](#f4-bctt-6-191){ref-type="fig"}). We recently reported that when snail small hairpin RNA (shRNA) A2780 ovarian cancer cells were injected cutaneously, the xenografts of tumors showed no robust bloody tumor vascularization compared with A2780 and A2780 shRNA slug tumors, and the mice were completely devoid of tumor growth and spread to the lungs.[@b13-bctt-6-191] These observations together with another report have shown that the knockdown of snail expression not only suppresses ovarian cancer metastasis but also inhibits primary tumor growth.[@b40-bctt-6-191] Snail not only plays a dual role in controlling the growth and metastasis of ovarian cancer but also functions as a mediator of tumor neovascularization.[@b13-bctt-6-191]

It is noteworthy that the transcriptional factor slug is expressed at high levels in normal breast, which may play a role in tubulogenesis.[@b41-bctt-6-191] As an antiapoptotic agent, it could also protect epithelial cells from programmed cell death during ductal lumen formation and breast involution. In breast carcinomas, snail has been linked to tumor progression and invasiveness,[@b41-bctt-6-191] the mechanism(s) which may cause repression of the E-cadherin gene. However, it is unclear how this transcriptional activity by these factors is regulated in vivo. For tumor neovascularization, we have reported that silencing slug in ovarian A2780 cells did not prevent the robust vascularization in RAGxCγ double mutant mice, whereas silencing snail in the A2780 cohort had a profound, complete inhibitory effect.[@b13-bctt-6-191] Collectively, the signaling factors in the pathways that regulate the expression of the snail and slug proteins during different developmental processes have been reported to be tissue- and organism-dependent.[@b42-bctt-6-191] Other reports have shown that snail is associated with cancer invasion and prognosis,[@b43-bctt-6-191] and the overexpression of snail in epithelial Madin--Darby canine kidney (MDCK) cells promotes the EMT toward the invasive phenotype.[@b44-bctt-6-191] Snail expression in MDCK cells had also induced the promoter activity and expression of MMP-9 through the PI3K/MAPK signaling pathway. For A2780 ovarian and TNBC MDA-MB-231 cells, it is proposed in our studies that snail may play an essential role in tumor neovascularization, the mechanism(s) which may involve the snail--MMP-9 signaling axis in facilitating the signaling paradigm for the activation of growth factor tyrosine kinase receptors to induce Neu1.[@b11-bctt-6-191],[@b13-bctt-6-191] If MMP-9 is playing a major role in the activation of Neu1 in complex with EGFR as our data suggest, logistically, snail in inducing MMP-9 in either ovarian A2780[@b13-bctt-6-191] or TNBC MDA-MB-231 cells in this report may be the molecular mechanism(s) by which the snail--MMP-9 signaling axis functions in tumor neovascularization. The data have shown that OP, anti-Neu1 antibody, and specific MMP-9 inhibitor treatments of the MDA-MB-231 breast cancer cell line blocked Neu1 activity associated with EGF-stimulation of the live cells. Based on these observations, we propose here that Neu1 might be an intermediate candidate connecting the snail--MMP-9 signaling axis in tumor neovascularization and in promoting the growth and invasiveness of human TNBC.

Conclusion
==========

Collectively, the snail--MMP-9 signaling axis involvement in tumor neovascularization suggests that the modification of glycosylation on growth factor receptors involves the activation of Neu1. It follows that the molecular-targeting with OP treatment of Neu1 tethered to these receptors would be critically dose-dependent. Given the ability of OP to increase E-cadherin expression and decrease N-cadherin expression in TNBC MDA-MB-231 tumors and in ovarian tumors,[@b12-bctt-6-191] TNBC treated with OP may become more adherent to the surrounding tissue and not metastasize as our data indicate ([Figure 6](#f6-bctt-6-191){ref-type="fig"}). OP treatment strategies are proposed here to take the form of a horizontal approach, of which different oncogenic signaling pathways as well as macrophage-mediated tumorigenesis are targeted with promising therapeutic intent.
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![EGF induces sialidase activity in live (**A**) TNBC MDA-MB-231 cells, (**B**) MDA-MB-231 cells and its resistant clones against 5 μM and 10 μM tamoxifen, and (**C**) MCF-7 cells and its resistant clones against 5 μM and 10 μM tamoxifen.\
**Notes:** Cells were allowed to adhere on 12 mm circular glass slides in media containing 10% FCS for 24 hours. After removing media, 0.318 mM 4-MUNANA substrate (2′-\[4-methlyumbelliferyl\]-α-N-acetylneuraminic acid) in Tris-buffered saline, pH 7.4, was added to live cells alone (control) or with EGF alone and in combination with OP, anti-Neu1 neutralizing antibodies, and specific inhibitor of MMP-9 at the indicated dosage. Fluorescent images were taken at 1--2 minutes after adding substrate using Zeiss Imager M2 epi-fluorescence microscopy (20× objective). The mean fluorescence of 50 multipoint replicates was quantified using Image J software. The data are a representation of one out of three independent experiments showing similar results.\
**Abbreviations:** EGF, epidermal growth factor; FCS, fetal calf serum; MMP-9, matrix metalloproteinase-9; OP, oseltamivir phosphate; TNBC, triple-negative breast cancer.](bctt-6-191Fig1){#f1-bctt-6-191}

![Cell viability of (**A**) MCF-7 and (**C**) MDA-MB-231 cells treated with tamoxifen at indicated doses, (**B**) MCF-7 and (**D**) MDA-MB-231 cells and their resistant clones against 5 μM and 10 μM tamoxifen treated with OP at indicated doses using the WST-1 assay.\
**Notes:** Cells were incubated in 96-well plates (5,000 cells/well) and allowed to adhere for 24 hours in 1× DMEM media containing 10% FCS. The media were replaced with fresh DMEM media containing 5% FCS with or without various concentrations of tamoxifen or OP for indicated time periods. Cell viability was expressed as a percent of control ± SEM of triplicate values. The data are a representation of one out of three independent experiments showing similar results. LD~50~ value is given as μM of drug concentration as determined by WST-1 assay after 72 hours for the indicated cell lines.\
**Abbreviations:** DMEM, Dulbecco's Modified Eagle's Medium; FCS, fetal calf serum; IC~50~, half maximal inhibitory concentration; LD~50~, lethal dose to kill 50% of viable cells; OP, oseltamivir phosphate; SEM, standard error of the mean.](bctt-6-191Fig2){#f2-bctt-6-191}

![Cell viability of MDA-MB-231 cells treated with OP at indicated doses in combination with 1 μM of either cisplatin, 5-FU, paclitaxel, gemcitabine, or tamoxifen using the WST-1 assay.\
**Notes:** Cells were incubated in 96-well plates (5,000 cells/well) and allowed to adhere for 24 hours in 1× DMEM media containing 10% FCS. The media were replaced with fresh DMEM media containing 5% FCS with or without various concentrations of OP or chemodrugs for 24, 48, and 72 hours as predetermined optimally. Cell viability was expressed as a percent of control ± SEM of three independent experiments. Statistical analysis was carried out using GraphPad Prism, and results were compared by unpaired *t*-test.\
**Abbreviations:** 5-FU, 5-fluorouracil; DMEM, Dulbecco's Modified Eagle's Medium; FCS, fetal calf serum; OP, oseltamivir phosphate; SEM, standard error of the mean.](bctt-6-191Fig3){#f3-bctt-6-191}

![OP treatment of RAGxCγ double mutant mice bearing heterotopic xenograft of MDA-MB-231 tumors.\
**Notes:** Cells at 0.5×10^6^ in 0.2 mL were implanted cutaneously in the right back flank of mice. Twice a week following implantation of the cancer cells, each mouse was monitored for tumor volume (\[width squared/2\] × length) at the site of implantation. Mice were treated with 30 mg/kg and 50 mg/kg of OP in sterile saline ip daily at day 10 postimplantation, when the tumor volume reached \~10--20 mm^3^. (**A**) Necropsy tumors, H&E staining of tumors, paraffin-embedded tumor sections (5 μm) on glass slides were processed for immunohistochemistry using primary DyLight 488-conjugated rat monoclonal anti-mouse CD31/PECAM-1 antibody, primary anti-E-cadherin, and N-cadherin antibodies, followed with polyclonal goat anti-rabbit Alexa Fluor^®^ 488 secondary antibody in 1% BSA in PBS blocking solution and Entellan^®^ rapid mounting medium. Background control (2nd Ab ctrl) sections were prepared without the primary antibodies. Stained tissue sections were photographed using an AxioCamMRm3-2 fluorescence camera attached to a Zeiss Imager M2 fluorescence microscope at 200× magnification. Images are representative of at least five fields of view from two tumor sections. (**B**) Quantitative analysis was done by assessing the density of tumor staining corrected for background in each panel using Corel Photo Paint 8.0 software. Each bar in the figure represents the mean (± SEM) corrected density of tumor staining within the respective images; (**C**) Enlarged visualized image of live necropsy tumors; (**D**) Tumor growth rates for individual mice (mouse label A1, A2, and A4 for the control cohort; B1--4, 30 mg/kg OP cohort; and C1 and C3, 50 mg/kg cohort); (**E**) Mean ± SEM of live necropsy tumor weight per mouse body weight; Statistical analysis was carried out using GraphPad Prism, and results were compared by unpaired *t*-test.\
**Abbreviations:** BSA, bovine serum albumin; H&E, hematoxylin and eosin; ip, intraperitoneally; ns, not significant; OP, oseltamivir phosphate; PBS, phosphate-buffered saline; SEM, standard error of the mean.](bctt-6-191Fig4){#f4-bctt-6-191}

![(**A**) Percent survival of indicated cohorts of mice taken from [Figure 4D](#f4-bctt-6-191){ref-type="fig"} and (**B**) mean ± SEM of live necropsy spleen, pancreas, heart, and liver weight per mouse body weight for each of the cohorts in [Figure 4](#f4-bctt-6-191){ref-type="fig"}.\
**Note:** Statistical analysis was performed using the Log-rank (Mantel--Cox) test.\
**Abbreviations:** OP, oseltamivir phosphate; SEM, standard error of the mean.](bctt-6-191Fig5){#f5-bctt-6-191}

![(**A**) H&E staining of necropsy lung for number of metastatic clusters per lung (**B**) in paraffin-embedded tissues taken from xenograft A2780 tumor-bearing RAGxCγ double mutant mice.\
**Notes:** Mice were implanted with 0.5×10^6^ MDA-MB-231 TNBC cells cutaneously on the rear back flank, and OP treatment began daily (ip) 10 days postimplantation, when tumors reached 10--20 mm^3^. Paraffin-embedded tissue sections (5 μm) on glass slides were processed for H&E staining for each mouse necropsied at indicated necropsy day postimplantation. Stained tissue sections were photographed using AxioCam MRc5 digital color camera attached to a Zeiss Imager M2 fluorescence microscope at 400× magnification. Images are representative of at least five fields of view from two tissue sections. (**B**) Metastatic lung clusters as representative in the insert were microscopically counted per tissues sections (5 μm) and plotted in the graph. Statistical analysis was carried out using GraphPad Prism and results were compared by unpaired *t*-test. (**C**) Mean ± SEM of live necropsy lung weight per mouse body weight for each of the cohorts.\
**Abbreviations:** H&E, hematoxylin and eosin; ip, intraperitoneally; OP, oseltamivir phosphate; SEM, standard error of the mean; TNBC, triple-negative breast cancer.](bctt-6-191Fig6){#f6-bctt-6-191}
